Traditional paper-based questionnaires have many limitations for data management and usability. These include difficulties inputting data into an electronic database and performing quality control. Quality control for a multicenter study in environmental health is difficult because it must be performed simultaneously at each center, due to the effects of seasonal and climate changes. Traditional electronic questionnaires also have numerous limitations. For example, Epidata's (http://www.epidata.dk) open-access software can embed logic checks, but cannot provide real-time data sharing or central data manual control when used for multicenter studies. The EpiData database is also unable to manage photographs and signatures. Walther et al. compared time required and error rate between an electronic data capture system and a paper-based method for a survey. [3] They concluded that the electronic data capture system was more efficient and had a lower error rate than the paper-based method. However, no electronic data capture or management system has been developed to capture investigation information in the environmental health field. [4] [5] [6] To assure the quality of the data and the efficient progress of multicenter surveys, a new electronic system needed to be developed.
Our project investigators (PIs) seized the opportunity to develop an electronic investigation system (EIS). Our aims were to: (1) develop an EIS to capture digital information directly from the survey field, including numbers, characteristics, signatures, and photographs; (2) establish a real-time electronic quality control method to improve the efficiency of quality control in multicenter surveys; and (3) demonstrate the real-time progress of each center, to make project management easier for the PIs. This is the first time that an EIS has been developed for a nationwide multicenter survey in the environmental health field. The design and outcomes from our study are crucial for future projects so other researchers can avoid our limitations and improve the quality of their surveys.
softwARe iMpleMentAtion

Basic foundation
Our EIS is based on a Browser/Server structure (a web-based system) that can be deployed on terminal equipment, such as mobile phones, tablet computers, and other equipment. We used tablet computers most often. The website for the system is https://cdc.empoweredc.com/. The system has four basic modules: data entry, real-time quality control, real-time progress control, and data management. The basic workflow of the EIS is shown in Figure 2 . Our EIS has obtained software copyright from the National Copyright Administration of the People's Republic of China (ID: 2017SR603994).
The main project staff roles are PIs, investigators, quality control officers, and system managers. Their responsibilities are shown in Table 1 . Each person with an account on the system has to be assigned one of these system roles. The system character is the combination of system authorities, and each authority corresponds to an operation or set of operations in the system. Data safety is assured by rigorously assigning the characters. All project staff members need to submit their E-mail address and organization information for the system manager to assign an account to them. In the hierarchical user management system, there are three levels of PIs and quality control officers (i.e., national, provincial, and county levels). The national-level quality control officers can see all the entries, provincial quality control officers can only see entries from their provinces, and county-level quality control officers can only see their own survey fields. The county CDCs of the study areas must collect and submit basic information about all the residents in the filtered community, including name, date of birth, sex, ID, phone number, length of residence and address to NIEH, China CDC. After random sampling using R software (version: 3.4.1), each individual in the sample was allocated a random serial number. The system managers embedded this basic information into the EIS.
Real-time quality control module
Our study used three levels of real-time quality control. The rates of quality control sampling for county-level CDCs, provincial CDCs and NIEH, China CDC were 100%, 30%, and 20%. Once an investigator submits a questionnaire, it can be viewed and queried by the quality control officers.
Once submitted, a questionnaire cannot be modified unless the quality control officer creates a query about it. From that point, all amendments can be seen by quality control officers. When the questionnaire has been finished and verified by the lower-level quality control officer, it can still be queried by a higher-level quality control officer. The basic workflow for the quality control process is shown in Figure 3 . The real-time quality control module has a filter above the subject list, including three options, "National level," "Provincial level," and "County-level". Using the filter, the PIs and quality control officers can see how many questionnaires have been checked by the quality control officers at different levels. This means they can all monitor the real-time progress of quality control and check the activity of project staff at the same or lower levels. 
Real-time progress monitoring module
The system can provide real-time statistics and graphs for the number of participants surveyed daily, weekly, monthly, and overall, so the progress of each center can be monitored.
The system can also provide a summary table of the number of questionnaires completed by each investigator, the rate of queries and the error rate. The system also generates real-time tables of the progress of quality control [ Figure 4 ]. The PIs and the quality control officers can view the number of questionnaires queried or verified by each quality control officer. These data can be used to determine how many questionnaires still need to be investigated or verified. The system manager can send notices to all the users of the system, and users can send questions and responses to the manager.
Special design for follow-up surveys
This study required an option for a follow-up survey. The system is, therefore, able to automatically connect basic information from the participants in the original and follow-up surveys. When the follow-up survey was launched, the investigator could enter the follow-up survey entrance for the particular county, and search for the name or serial number of a participant, and the system would show the questionnaire for that person. The questionnaire was simplified in the follow-up survey because all the follow-up surveys were conducted within 1 year of the initial survey, so most of the basic information was unchanged. If data were censored, we added information on the participant's status, including survived, loss to death, or loss to follow-up. If the participants were lost to death or follow-up, the investigator could also choose to include the cause of death and the reason for the loss to follow-up. To ensure the data from the follow-up survey were consistent with the original survey, the participants completed their ID again in the follow-up survey. Date of birth, sex, and other basic information were not included in the follow-up survey, so the basic personal information from the first survey was automatically added for each participant in the follow-up survey, for the convenience of investigators and quality control officers.
discussion
This is the first time of which we are aware that a real-time quality control and progress monitoring tool for a multicenter survey has been reported. Our EIS contains both a data entry module and a real-time quality control module, for the remote management of the survey. The hierarchical levels of the quality control structure were embedded in the EIS to streamline the quality control process. The real-time monitoring module means that progress report charts and tables can be generated automatically in real-time. The automatic location function and the signature and photograph upload function were developed specifically to solve the difficulty of collecting and storing this type of information. The aim was to develop an EIS that could be used for a nationwide multicenter population-based study in the environmental health field.
The strengths of our electronic investigation system
A few studies have used electronic systems in population-based surveys. Kumar et al. developed a system based on Epidata, Dropbox (http://www.dropbox.com), and Team Viewer (http://teamviewer.com) for a multicenter study. [4] The three tools were used for data entry, data-sharing, and problem-solving. Our EIS contains all three functions, and is web-based, with no need to install any software. This makes it much easier to use. As well as real-time data sharing, our EIS has a real-time quality control and monitoring function. Meyer et al. established a central data management system to store, refine, and transfer data from multiple studies. [5] This system collected unified data, and also managed data from different studies. It, therefore, focused on data cleaning and reorganization, whereas our EIS focused on data collection, real-time quality control, and program management of the multicenter project. Tao et al. introduced a data capture framework, which was specifically designed for intervention studies. [7] The system had the advantage of defining specific workflows in a clinical trial or experimental study. However, it was not adapted for use with a multicenter cohort. The workflow for the cohort study was simple, and the system can be embedded as a built-in feature. However, a multicenter survey like ours needs multirole real-time quality control, because of the different subteams operating in the different centers.
Real-time online multirole interaction quality control
The first reason we chose a web browser-based system was that this project was a nationwide multicenter study, and we knew that we needed standard real-time quality control. Previously, investigators using paper-based questionnaires or the Epidata software often did not upload the data until the last day of the survey, which sometimes resulted in delays in quality control. If quality control is delayed, detailed information may be forgotten by the investigators and the participants, which will influence the quality of the data. A delay in quality control can also occur in multicenter surveys using applications (apps) instead of an online website. With the online EIS, the survey data can be uploaded in real-time. Quality control officers can check the uploaded data and send feedback to investigators immediately. This means that investigators will receive the feedback the next time they log into the website and they can amend the data as necessary. The fourth-generation wireless network covers all the cities and main villages/towns in China, [8] so investigators can access the system online using the public network, improving availability. Unlike previous systems, our EIS has three levels of real-time quality control: County-level CDCs, provincial CDCs and NIEH, China CDC. This made it more applicable for our purposes than other systems that are usually used for randomized controlled trials. [6, 9] 
Real-time multicenter survey progress management
We developed a real-time progress management module and other functions to help the PIs capture progress at each center. Previously, if we wanted to determine the progress at each center, we needed to contact each center to acquire this information. The real-time progress management module provides immediate access to the numbers of participants enrolled and the percentage and progress of enrollment each day. The system also contains information on the number of questionnaires that completed quality control and the total number of queries. The PIs can simply log in to the website and obtain this information quickly and easily. We are also able to generate reports on the workload and quality of each investigator and quality control officer. This design makes it convenient for the PIs and quality control officers to focus attention on particular investigators.
Other benefits
In the environmental health field, addresses are very important, so we introduced an automatic location function to our EIS. This can save time and provide a more exact location. Our EIS has also solved the photograph and signature uploading issues common in paper-and EpiData-based survey tools. This means different researchers can remotely check this information, conveniently and simultaneously. To help participants complete the questionnaire, we established our EIS as a face-to-face interview system. This means we assigned the role of investigators and ensured that only they can enter answers, based on responses from participants. [10] Limitations and future development
We have used the EIS to conduct a survey in 57 counties and enrolled more than 10500 participants across China. However, our EIS still has some limitations. Each week, we summarized the stages of the system and investigation status of all study centers, including the information on whether the sample has been embedded and quality control status. We had to collect the information separately for each center on the system. This is time-consuming, and in future, we hope the system will be able to summarize the excel report form and send the E-mail automatically to every staff member. We also have numerous other documents (such as the survey notes and supervision reports) related to each study area, which needed to be filed. We currently file them manually and store them in the PIs' computers. We are still developing the upload entrance and the filing function. Finally, we have currently separated the EIS and Biobank systems. Information on the storage of bio-samples of each participant is only available from the Biobank system. To improve the workflow, the two systems need to be brought together to establish an interface.
conclusion
We have developed a unique and efficient EIS for use in a particular multicenter study. Its structure and workflow can be used in other similar studies. The EIS has many special functions, such as real-time quality control and monitoring, and being able to facilitate follow-up studies. Our EIS improved data quality, and minimized time and travel expenses of the project. However, it still has limitations. We will continue to improve existing functions and develop new functions to improve its efficiency and workflow.
